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(54) Title: DISPLACEMENT CURRENT BASED VOLTAGE SENSOR 




(57) Abstract 

An optical voltage sensor utilizing a Faraday effect based current sensor. The sensor has an optical fiber loop (11) that has light 
propagating through it. The light has a polarization state or phase that is affected by a displacement current. The displacement current is 
due to the fiber loop wound on a capacitive standoff (12) that is placed between the voltage to be measured and ground. A photodetector 
receiving the affected light outputs a signal that indicates displacement current and amounts to a time derivative of the voltage to be 
measured. The voltage measurement is obtained by integrating the output signal of the detector. The input light to the otpical fiber loop 
may be modulated with a feedback signal from a signal processor connected to the detector output. The sensor may have a polarimetric or 
interferometric configuration. 
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DISPLACEMENT CURRENT BASED VOLTAGE SENSOR 
BACKGROUND 

The invention pertains to fiber optic sensors and, particularly, to fiber optic 
voltage sensors. 

Over the past decade, fiber optic sensors have received attention in the 
application of magnetic field sensing and current sensing. Fiber optic current sensors 
are advantageous over iron-core current transformers, since fiber optic sensors are non- 
conductive and lightweight. Furthermore, fiber optic sensors also do not exhibit 
hysteresis and provide a much larger dynamic range and frequency response. 

Fiber optic current sensors work on the principle of the Faraday effect. Current 
flowing in a wire induces a magnetic field, which, through the Faraday effect, rotates 
the plane of polarization of the light traveling in the optical fiber wound around the 
current carrying wire. Ampere's law, is stated as 

where I is the electrical current, H is the magnetic field and the integral is taken over a 
closed path around the current. If the sensing fiber is wound around the current carrying 
wire with an integral number of turns, and each point in the sensing fiber has a constant 
sensitivity to the magnetic field, then the rotation of the plane of polarization of the light 
in the fiber depends only on the current being carried in the wire and is insensitive to all 
externally generated magnetic fields such as those caused by currents carried in nearby 
wires. The angle, A* , through which the plane of polarization of light rotates in the 
presence of a magnetic field is given by 
A<f> = v\H»dL 

where V is the Verdet constant of the fiber glass. The sensing optical fiber performs the 
line integral of the magnetic field along its path, which is proportional to the current in 
the wire, when that path closes on itself. Thus, one has A* = VNJ , where N is the 
number of turns of sensing fiber wound around the current carrying wire. The rotation 
of the state of polarization of the light due to the presence of an electrical current may 
be measured by injecting light with a well-defined linear polarization state into the 
sensing region, and then analyzing the polarization state of the light after it exits the 
sensing region. Alternatively, A* represents the excess phase shift encountered by a 
circularly polarized light wave propagating through the sensing fiber. Sagnac loop 
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interferometers and the in-line interferometer may be used to detect this excess phase 
shift. 

This technology is related to the in-line optical fiber current sensor as disclosed 
in U S Patent No. 5,644,397 issued July 1 , 1997, to inventor James N. Blake and 
entitled, "Fiber Optic Interferometric Circuit and Magnetic Field Sensor", which is 
incorporated herein by reference. Optical fiber current sensors are also disclosed in 
U.S. Patent No. 5,696,858 issued December 9, 1997, to inventor James N. Blake and 
entitled "Fiber Optics Apparatus and Method for Accurate Current Sensing", which is 
incorporated herein by reference. 

However, a need has arisen for a fiber optic voltage sensor. 

SUMMARY OF TJ ™ INVENTION 

The present invention utilizes the optical circuit of a Faraday effect based fiber 
optic current sensor. The sensor may be either of the polarimetric or the interferometric 
(eg Sagnac loop and in-line) type. Instead of sensing a real current flowing through 
the fiber sensing coil, the sensor responds to a displacement current flowing through the 
fiber sensing coil, which is facilitated by being wound around a capacitive standoff 
placed between the voltage to be measured and ground. This displacement current is 
related to the time derivative of the voltage across the sensing coil. The voltage across 
the sensing coil is obtained by integrating the output of the sensor. The sensmg cod 
may physically extend from ground potential to the wire carrying the voltage to be 
measured so that the voltage across the sensing coil is the true line to ground voltage. 

nPTFF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows an architecture of the current displacement-based fiber optic 
voltage sensor. 

Figure 2 shows the architecture of the fiber optic voltage sensor based on a 

polarimetric type current sensor. 

Figure 3 shows the architecture of the fiber optic voltage sensor based on the in- 

line type cunent sensor. 

Figure 4 shows the architecture of the fiber optic voltage sensor based on a 

Sagnac interferometer. 
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iWSrRIPTION OF T HF EMBODIMENT 

Figure 1 shows in block diagram form a voltage sensor based on a fiber optic 
current sensor 42. It is a displacement current-based fiber optic voltage sensor. 
Maxwell's fourth equation in integral form (alternatively denoted the generalized 
Ampere's law) is given as 
SO, 



jH»dL = 



] + ■ 



dt 

where <D K is the electric flux passing through the closed loop defined by the left-hand 
side of this equation. This equation may alternatively be written as 

<SH»dL = I + C^- 
) dt 

where C is the capacitance across the fiber sensor coil 1 1, V is the voltage on a high 
voltage line 13, and is the displacement current flowing through a sensing coil 
1 1 . In the absence of any real current (I) flowing through the sensing coil 1 1 , this 
equation reduces to 

\H*dL = C^- 
J dt 

From this equation, it can be seen that the output of any Faraday effect based 
fiber optic current sensor so configured is proportional to the displacement current 
flowing through sensing coil 1 1 . The displacement current flowing through sensing coil 
1 1 is the changing electric flux passing through sensing coil 1 1 . The displacement 
current is proportional to the time derivative of the voltage on the high voltage line 13. 
Passing displacement current output 15 through an integrator 16 results in a voltage 
output 17 proportional to the a.c. component of the voltage on high voltage line 13. 

Fiber sensing coil 1 1 is wound around a capacitive standoff 12 that is connected 
to a ground potential 14 on one side and high voltage line 13 on the other. Capacitive 
standoff 12 advantageously comprises a cylindrical structure made of a high dielectric 
material. It may also comprise a capacitive divider construction so as to increase the 
value of the displacement current flowing through there by increasing its effective 
capacitance. This condition assures that displacement current flowing through the fiber 
sensing coil 1 1 is generated by the voltage on high voltage line 13 that is referenced to 
ground 14. 
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Figure 2 shows a specific implementation 46 of the fiber voltage sensor of figure 
1. Fiber optic current sensor 46 is a polarimetric type. Light from light source 20 
passes through linear polarizer 21 to fiber sensing coil 1 1 . Fiber sensing coil 1 1 is 
wound around capacitive standoff 12 and extends from ground 14 to high voltage line 
13. Fiber sensing coil 1 1 may be constructed using annealed, spun, twisted, or helically 
wrapped fiber. After passing through fiber sensing coil 1 1 , the light passes through an 
analyzer 22 (which is effectively a linear polarizer) to a photodetector 23. The 
displacement current flowing through fiber sensing coil 1 1 alters the polarization state 
of the light impinging on analyzer 22, thus varying the intensity of the light falling on 
photodetector 23. The output of photodetector 23 is processed by an AC/DC (i.e., the 
AC component of the light intensity falling on photodetector 23 is normalized by the 
DC component of the light intensity falling on photodetector 23) signal processor 24 to 
yield displacement current output 15. This signal is then passed through integrator 16 to 
yield voltage output 17. 

Figure 3 shows a voltage sensor 47 based on the in-line fiber optic current 
sensor. Light source 20 emits a broadband light that goes through coupler 30 and into 
polarizer 3 1 where it is linearly polarized. The linearly polarized light then is split 
evenly into two waves in the two axes of a birefringence modulator 33 via a 45-degree 
splice 32. Birefringence modulator 33 may include a fiber optic pigtail on either or both 
its input and output. Birefringence modulator 33 acts to dynamically vary the phase 
between the light traveling in its two polarization axes by affecting the indices of 
refraction in the two principal axes relative to each other in a light medium of 
birefringence modulator 33. It may be constructed using integrated optics or a 
piezoelectric modulator. The light then propagates down a polarization maintaining 
fiber delay line 34 towards a quarter-waveplate 35. Quarter-waveplate 35 may be 
constructed from a short section of long beat length of polarization maintaining fiber, 
having a quarter of a polarization beat length or an odd multiple of such quarter beat 
lengths. Quarter-waveplate 35 converts the two linear polarization states of the light in 
the polarization maintaining fiber medium into two circular polarization states. The 
light in these two circular polarization states traverse sensing coil 1 1 , approximately 
maintaining their state of polarization throughout the coil. The coil may comprise one 
or many turns of optical fiber. This sensing coil fiber may be made of annealed, 
twisted, or spun fiber. Alternatively, the sensing fiber may be made using ordinary 
single-mode fiber wrapped in a helical fashion around a toroid. Fiber sensing coil 1 1 
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ends in a reflecting termination 36. Termination 36 causes the circular polarization of 
light for both polarizations to be reversed upon reflection. Reflecting termination 36 is 
advantageously co-located with quarter waveplate 35 to provide a well-closed path for 
the sensing region. The sensing fiber is advantageously wound around capacitive 

5 standoff 12 that extends from ground potential 14 to high voltage line 13. It is further 
advantageously constructed such that the fiber is wound using an even number of layers 
and uniformly distributed along capacitive standoff 1 2. This ensures that reflective 
termination 36 may be co-located with quarter waveplate 35, and that the fiber 
uniformly senses the electric flux all along capacitive standoff 12. 

10 Upon hitting reflective termination 36, the light retraces its way through the 

optical circuit, including fiber sensing coil 1 1 , quarter- waveplate 35, delay line 34, 
birefringence modulator 33, splice 32, polarizer 3 1 and coupler 30, arriving at 
photodetector 23. The returning light is converted by quarter- waveplate 35 to linear 
polarizations, which are likewise reversed from those of the light when it entered 

15 waveplate towards reflective termination 36. Since the sense of polarization and the 

direction of light are reversed for both light waves during their trip through sensing coil 
1 1 , the relative phase shift accumulated between them during the first pass through 
sensing coil 1 1 is doubled during the return trip. Constructed in this manner, sensitivity 
to mechanical or thermal disturbances is greatly reduced, since both light waves travel 

20 in the same fiber and are subjected to the same disturbances simultaneously. Because 
the disturbances are common to both light waves, no differential phase shift is induced. 
An electrical signal, representative of the light impinging photodetector 23 and 
indicative of the displacement current, is generated in photodetector 23, and is 
processed in signal processor 37 to yield a signal 15 representative of the displacement 

25 current, flowing through fiber sensing coil 1 1 . Displacement current output 1 5, which is 
proportional to the time derivative of the voltage between line 13 and ground 14, of 
signal processor 37 is integrated by integrator 16 to yield voltage output 17. 

Signal processor 37 may provide a feedback signal 38 to birefringence 
modulator 33 (indicated by the dashed line) in order to close the loop of system 47. 

30 Feedback signal 38 may be a triangular type waveform (dual ramp) or a serrodyne type 
waveform. Either of these waveforms may take a digital form as of a digital phase step. 
Integrator 16 may be imbedded in signal processor 37. Voltage output 17 from 
integrator 16 may be a digital representation of the voltage on high voltage line 13. 
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Figure 4 shows a voltage sensor 48 based on a Sagnac interferometer type 
current sensor. Light source 20 emits broadband light that goes through coupler 30 and 
into multifunction integrated optics chip 40 where it is linearly polarized and split into 
two beams which eventually counter-propagate in fiber sensing coil 11. The light 
5 beams may also be phase modulated in chip 40. These two light beams or waves 

propagate down polarization maintaining fibers 41 and 41 ' towards quarter waveplates 
35 and 35', respectively. Quarter waveplates 35 and 35' convert the two linearly 
polarized light waves into two circularly polarized light waves. These light waves then 
traverse fiber sensing coil 1 1 in opposite directions approximately maintaining their 

10 circular state of polarization throughout coil 1 1 . Fiber sensing coil 1 1 may comprise 
one or many turns of optical fiber. This sensing fiber may be made of annealed, 
twisted, or spun fiber. Alternatively, the sensing fiber of coil 1 1 may be made using 
ordinary single-mode fiber wrapped in a helical fashion around a toroid. The 
displacement current as the result of the voltage difference between line 13 and ground 

15 14, causes a change in phase relationship between counter-propagating waves. After 
traversing fiber sensing coil 1 1, the counter-propagating light waves pass back through 
quarter waveplates 35 and 35' where they are converted back to linear states of 
polarization. The two light waves return through polarization maintaining fibers 41 and 
41 ', through multifunction integrated optics chip 40, to coupler 30 and onto 

20 photodetector 23. Quarter waveplates 35 and 35' are advantageously co-located to 
provide a well-closed path for the sensing region of coil 1 1 . The sensing fiber is 
advantageously wound around capacitive standoff 12 that extends from ground potential 
14 to high voltage line 13. Coil 1 1 is further advantageously constructed such that the 
fiber is wound using an even number of layers and uniformly distributed along 

25 capacitive standoff 1 2 . 

The returning light waves to photodetector 23 have a phase relationship that was 
changed by the displacement current. The resultant phase relationship determines the 
intensity of the resultant light after the interference of the two returning light waves. 
Photodetector 23 provides an electrical signal that has a magnitude representative of the 

30 intensity of the light impinging detector 23. The electrical signal from detector 23 is 
indicative of the displacement current. The electrical signal is processed in signal 
processor 37 to yield an output signal 1 5 representative of the displacement current 
flowing through fiber sensing coil 1 1. Displacement current signal 15 from signal 
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processor 37 is integrated by integrator 16 to yield an output signal 1 7 indicative of the 
voltage on line 13. 

Signal processor 37 may provide a feedback signal 38 to multifunction 
integrated optics chip 40 (indicated by the dashed line) in order to close the loop of the 
system. The feedback signal may be a triangular type waveform (dual ramp), a 
serrodyne type waveform, or a digital phase step type waveform. Integrator 16 may be 
imbedded in signal processor 37. Voltage output 1 7 may be a digital representation of 
the voltage on high voltage line 13. 

Alternative constructions of the Sagnac interferometer type of the current 
displacement based voltage sensor may be implemented. Also, alternative constructions 
of the in-line interferometer type of the current displacement based voltage sensor may 
be implemented. 
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CLAIMS 

1 . An optical voltage sensor comprising: 

means for generating a displacement current indicative of a voltage to be sensed; 
5 means proximate to said means for generating the displacement current; 

means for detecting the displacement current, and 
means, coupled to said means for detecting the displacement current, for 
converting the detected displacement current to a voltage indication. 

10 2. The sensor of claim 1 , wherein said means for detecting displacement current 
comprises a capacitive standoff situated between the voltage and a zero voltage 
reference. 

3. The sensor of claim 2, wherein said means for detecting displacement current is 
1 5 a fiber optic current sensor. 

4. The sensor of claim 3, wherein displacement current has a magnetic field that 
causes a change in polarization of light in said fiber optic current sensor. 

20 5. The sensor of claim 4, wherein the change of the polarization of light is 
indicative of the detected displacement current. 

6. The sensor of claim 5, wherein said means for converting the detected 
displacement current into a voltage measurement, integrates the detected displacement 

25 current into the voltage indication. 

7. The sensor of claim 3, wherein displacement current has a magnetic field that 
causes a change in phase of light in said fiber optic current sensor. 



30 



8. The sensor of claim 7, wherein the change of phase of light is indicative of the 
detected displacement current. 
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9. The sensor of claim 8, wherein said means for converting the detected 
displacement current into a voltage measurement, integrates the detected displacement 
current into the voltage indication. 

5 10. An optical voltage sensor comprising: 

a displacement current generator situated proximate to a voltage to be measured; 
a displacement current detector coupled to said displacement current generator; 
and 

a displacement current-to-voltage indication converter connected to said 
10 displacement current detector. 

1 1 . The sensor of claim 1 0, wherein said displacement current detector comprises a 
capacitive standoff situated between the voltage and a zero voltage reference. 

15 12. The sensor of claim 1 1 , wherein said displacement current detector is a fiber 
optic current sensor. 

1 3 . The sensor of claim 1 2, wherein displacement current has a magnetic field that 
causes a change in polarization of light in said fiber optic current sensor. 

20 

1 4. The sensor of claim 1 3, wherein the change of the polarization of light is 
indicative of detected displacement current. 

1 5. The sensor of claim 1 4, wherein said displacement current-to-voltage indication 
25 converter is an integrator. 

16. The sensor of claim 12, wherein displacement current has a magnetic field that 
causes a change in phase of light in said fiber optic current sensor. 

30 1 7. The sensor of claim 1 6, wherein the change in phase of light is indicative of 
detected displacement current. 

1 8. The sensor of claim 1 7, wherein said displacement current-to-voltage indication 
converter is an integrator. 
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19. A fiber optic voltage sensor comprising: 
a light source; 

a polarizer coupled to said light source; 

an optical fiber coil, connected to said first polarizer, situated proximate to a 

voltage to be sensed; 
an analyzer connected to said optical fiber coil; 
a detector connected to said analyzer; and 
an integrator connected to said detector. 

20. The sensor of claim 19, wherein said optical fiber coil senses displacement 
current caused by the voltage to be sensed. 

2 1 . The sensor of claim 20, further comprising a capacitive standoff situated 
between the voltage to be sensed and a zero voltage reference, and proximate to said 
optical fiber coil. 

22. The sensor of claim 2 1 , wherein said optical fiber coil is wound around said 
capacitive standoff. 

23 . The sensor of claim 22, wherein: 

an output from said detector is an indication of displacement current; and 
an integrating of the output from said detector provides an indication of the 
voltage. 

24. A fiber optic voltage sensor comprising: 
a light source; 

a polarizer coupled to said light source; 

a polarization maintaining fiber connected to said polarizer; 

a polarization mode converter connected to said polarization maintaining fiber; 

an optical fiber coil situated proximate to a voltage to be sensed having a first 

end connected to said polarization mode converter; 
a reflective termination connected to a second end of said optical fiber coil; 
a detector coupled to said polarizer; 
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an integrator connected to said detector. 

25 . The sensor of claim 24, wherein said optical fiber coil can sense displacement 
current caused by the voltage to be sensed. 

26. The sensor of claim 25, further comprising a capacitive standoff situated 
between the voltage to be sensed and a zero voltage reference, and proximate to said 
optical fiber coil. 

27. The sensor of claim 26, wherein said optical fiber coil is wound around said 
capacitive standoff. 

28. The sensor of claim 26, wherein: 

an output from said detector is an indication of displacement current; and 
an integrating of the output from said detector provides an indication of the 
voltage to be sensed. 

29. The sensor of claim 28, wherein said polarization maintaining fiber and said 
polarizer have a connection with about a 45 degree alignment between birefringent axes 
of said polarization maintaining fiber and said polarizer. 

30. The sensor of claim 29, further comprising a modulator connected in between 
the connection with about a 45-degree splice, and said polarization maintaining fiber. 

3 1 . The sensor of claim 30, wherein said polarization maintaining fiber is a delay 
line. 

32. The sensor of claim 3 1 , further comprising: 

a signal processor connected to said detector; and 

a closed-loop feedback connection from said signal processor to said modulator. 

33. The sensor of claim 32, wherein said modulator is a birefringence modulator. 



34. 



A fiber optic voltage source comprising: 
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a light source; 

a beam splitter coupled to said light source; 

an optical fiber loop connected to said beam splitter, wherein a portion of said 

optical fiber loop is proximate to a voltage to be sensed; 
a polarization mode converter connected within said loop; 
a detector coupled to said beam splitter; and 
an integrator connected to said detector. 

35. The sensor of claim 34, wherein the portion of said optical fiber, proximate to 
the voltage to be sensed, can sense displacement current caused by the voltage to be 
sensed. 

36. The sensor of claim 35, wherein said beam splitter is for splitting light into two 
beams that counterpropagate in said optical fiber loop and for combining beams 
returning from said optical fiber loop. 

37. The sensor of claim 36, further comprising a capacitance standoff situated 
between the voltage to be sensed and a zero voltage reference. 

38. The sensor of claim 37, wherein the portion of said optical fiber, proximate to 
the voltage to be sensed, is wound on said capacitive standoff. 

39. The sensor of claim 38, wherein: 

an output from said detector is an indication of displacement current; and 
an integrating of the output from said detector provides an indication of the 
voltage to be sensed. 

40. The sensor of claim 39, further comprising a modulator coupled to said splitter. 

41 . The sensor of claim 40, further comprising: 

a signal processor connected to said detector; and 

a closed-loop feedback connection from said signal processor to said modulator. 
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